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ABSTRACT
Nanofluids, colloidal dispersions of nanoparticles in a base fluid, have shown
enhancements in both pool boiling and flow boiling critical heat flux (CHF) in laboratory
tests. The applicability of this aspect to nuclear reactor post-accident cooling is
promising. This study investigates various parameters that should be considered for such
applications. Dilute alumina nanofluids were tested in terms of radiation durability,
chemical stability, and CHF enhancement capability in wire and plate geometries. They
have been found to be stable under high doses of gamma radiation and in the chemical
environment associated with emergency core cooling. However, exposure to tri-sodium
phosphate, a chemical used in in-vessel retention systems, resulted in significant
agglomeration of nanoparticles. CHF value increases were obtained for both nanofluid
and primary coolant chemistry conditions. Additionally radiation induced surface
activation (RISA) effect on CHF was evaluated for alumina and titania nanoparticle
depositions on plate geometries.
Pool Boiling experiments were conducted with both wire and plate heaters. Wire test
results showed CHF enhancement of 23% to 74% for dilute alumina nanofluids of
0.001v% to 0.1v%, with the highest enhancement obtained for lowest concentration
alumina nanofluid. With the addition of boric acid in alumina nanofluid, the highest CHF
enhancement is up to 90%. RISA was proven to play a significant role in CHF increase.
Stainless steel plates pre-coated with titania and alumina nanoparticles showed CHF
enhancement of 146% and 133%, respectively, compared to CHF obtained from plain
heaters, after irradiation in a Co-60 gamma source. These initial results reveal that
applying nanofluid in reactor chemistry and radiation environment can potentially bring
about significant benefit in increasing the safety margin. Further study is needed to
elucidate these phenomena in prototypic flow boiling, chemistry, and radiation
conditions.
THESIS SUPERVISOR: LIN-WEN HU, PhD, PE
TITLE: Associate Director and Principal Research Scientist, MIT Nuclear Reactor
Laboratory
THESIS SUPERVISOR: JACOPO BUONGIORNO, PhD
TITLE: Assistant Professor of Nuclear Science and Engineering
ACKNOWLEDGEMENT
I would like to thank both of my supervisors for their support during the writing of this
thesis. It is also important to express my appreciation to Adam Grein and John DiCiaccio
for their advice in machining and construction of the experiments. I would also like to
recognize that this study would not have been possible without support from the
Department of Energy Innovations in Nuclear Education and Infrastructure program, the
Electric Power Research Institute, and AREVA.
1.1 APPLICABILITY OF NANOFLUIDS IN NUCLEAR REACTORS 7
2. NANOFLUID APPLICATIONS TO LWR ACCIDENT COOLING 10
2.1 ECCS 10
2.2 IVR 11
2.3 THE ENVIRONMENTAL MODELS 12
2.3.1 Radiation Dose Model 12
2.3.2 Extreme Temperature Exposure 14
2.3.3 Chemistry 15
3. CHARACTERIZATION OF NANOFLUIDS 16
3.1 ANALYTICAL METHODS 16
3.2 SAMPLE PREPARATION 17
4. RADIATION EFFECTS ON NANOFLUIDS 20
4.1 METHOD OF EVALUATION 20
4.2 SAMPLE PREPARATION 21
4.3 RESULTS 22
5. CHEMICAL EFFECTS ON NANOFLUIDS 27
5.1 SIMULATIONS 27
5.1.1 ECCS 27
5.1.2 IVR 30
5.2 SUMMARY 33
6. POOL BOILING EXPERIMENTS 34
6.1 HEAT TRANSFER IN THE POOL BOILING ENVIRONMENT 34
6.2 POOL BOILING EXPERIMENTS WITH WIRE 38
6.2.1 Pool Boiling Apparatus 38
6.2.2 Base Lining 43
6.2.3 Orientation Effects 43
6.2.4 Fluid Tests 47
6.3 PLATE TESTS 49
6.3.1 Description ofApparatus 49
6.3.2 Plate Design 50
6.3.3 RISA Experiment 51
6.4 BOILING STUDIES SUMMARY 60
6.4.1 Overall Effect on the Reactor System 61
7. CONCLUSION 62
7.1 SUMMARY OF FINDINGS 62
7.2 THE WAY FORWARD 63
A. NOMENCLATURE 64
B. REFERENCES 66
C. PLATE DESIGN AND TESTING 68
TABLE 1 FISSION ENERGY DISTRIBUTION [5] ........................................ ................. 13
TABLE 2 IRRADIATION SAMPLE PRODUCTION MATRIX ............................... ................................ 22
TABLE 3 IRRADIATION SAMPLE TEST SUMMARY ...................................... ...................... 23
TABLE 4 ECCS CHEMICAL TEST SUMMARY .................................................................... 28
TABLE 5 IVR SIMULATION SAMPLE MATRIX ........................................ ..................... 30
TABLE 6 SUMMARY OF CHF CORRELATION PREDICTED VALUES ..................................................... ... 37
TABLE 7 LIQUID TESTS FOR CHF SUMMARY ........................................ ....................... 48
TABLE 8 SUMMARY OF PLATE CHF VALUES (W/M2) ................................. . ...................... 53
TABLE 9 SUMMARY OF CONTACT ANGLE EFFECTS ON PLATE CHF ............................................... 54
TABLE 10 CHF ENHANCEMENT DUE TO SURFACE DEPOSITION AND GAMMA IRRADIATION ..................... 54
TABLE 11 PERCENTAGE DEVIATION OF MEASURED OVER CALCULATED CHF VALUES............................... 55
TABLE 12 SUMMARY OF CHF VALUES DURING PLATE DESIGN ITERATION PROCESS............................... 75
TABLE 13 SUMMARY OF PLATE ITERATION CHARACTERISTICS....................... ....... ............. 75
FIGURE 1 BORON SCHEDULE FOR SEABROOK STATION [3] ...................................................................... 11
FIGURE 2 CALCULATED DOSE FOR A PWR [6] ........................................ ........................................ 13
FIGURE 3 CLAD TEMPERATURE AFTER A LOCA [8] ....................................................................... 14
FIGURE 4 IRRADIATION SAMPLE HOLDER .......................................................................................... 21
FIGURE 5 CONCENTRATION AS A FUNCTION OF DOSE ............................... .............................. ... 24
FIGURE 6 IRRADIATION SAMPLE MEAN PARTICLE SIZE ............................................................ ... 25
FIGURE 7 IRRADIATION SAMPLE PH ... ........................................... ............................................. 25
FIGURE 8 ECCS SAMPLE MEAN PARTICLE SIZE .................................................................. ... 28
FIGURE 9 ECCS SAMPLE CONCENTRATION ........................................ ...... ...................................... 29
FIGURE 10 EC C S SAM PLE PH ........................................................................ ......................................... 29
FIGURE 11 IVR PRECIPITANT PICTURE.................................................................................................... 31
FIGURE 12 FLUID XRD SPECTRUM .......................... ........... ......................................................... 32
FIGURE 13 PRECIPITANT XRD SPECTRUM ............................................................................................ 33
FIGURE 14 FORCE BALANCE ON BUBBLE CREATION [15] ..................................... ..... ............... 36
FIGURE 15 A TYPICAL BOILING CURVE [16] ................................................................ ........................... 38
FIGURE 16 CONSTRUCTED AND EXPLODED DIAGRAMS OF POOL BOILING EXPERIMENT ............................ 40
FIGURE 17 DIAGRAMS SHOWING DIFFERENT POOL BOILING SAMPLE CONFIGURATIONS .......................... 40
FIGURE 18 POOL BOILING EXPERIMENT SCHEMATIC ..................................... ...................... 42
FIGURE 19 PLATE ORIENTATION EFFECT ON CHF................................................................................... 44
FIGURE 20 NUCLEATE BOILING AT 0 AND 30 DEGREE ANGLES.................................................................. 45
FIGURE 21 NUCLEATE BOILING AND SUSTAINED FILM BOILING AT 60 DEGREES ..................................... 46
FIGURE 22 NUCLEATE BOILING ON A VERTICAL WIRE - RISING BUBBLES WIPE FORMING BUBBLES ........... 46
FIGURE 23 GRAPH OF LIQUID TESTS FOR CHF RESULTS...................................................................... 48
FIGURE 24 PHOTOGRAPH OF PLATE HEATER........................................ ................................................... 51
FIGURE 25 GRAPHICAL COMPARISON OF PLATE CHF VALUES ......................................... .......... 53
FIGURE 26 CONTACT ANGLE OF PLATE SAMPLES ........................................ ........................ 54
FIGURE 27 BOILING CURVES FOR TITANIA AND ALUMINA.................................................. 56
FIGURE 28 SEM OF PLAIN (LEFT) AND SANDBLASTED (RIGHT) STEEL PLATES ......................................... 57
FIGURE 29 TITANIA DEPOSITION ON SANDBLASTED SURFACE.................................... .................. 57
FIGURE 30 ALUMINA DEPOSITION ON SANDBLASTED SURFACE............................... ....................... 58
FIGURE 31 ALUMINA SURFACE FEATURE, VIEWED AT 40 DEGREE TILT ...................................... ...... 59
FIGURE 32 RANKED SUMMARY OF CHF TESTS .............................................................. ... 60
FIGURE 33 INITIAL ITERATION OF PLATE DESIGN .............................................................. 68
FIGURE 34 CHF AND FILM BOILING OCCURRING WHERE CURRENT LINES OF FLUX CONVERGE ................ 68
FIGURE 35 MATLAB GRAPH DEMONSTRATING CONCENTRATION OF CURRENT ..................................... 69
FIGURE 36 MATLAB GRAPH SHOWING CURRENT DENSITY IN ROUND-END, CUT-FILLET TEST SECTION ... 70
FIGURE 37 SECOND ITERATION OF PLATE TEST SECTION ........................................... .................. 70
FIGURE 38 LANCING FROM W ATER-JET......................................................................................................... 71
FIGURE 39 WAVEFORMS OF POWER SUPPLY OUTPUTS ..................................... ........................... 72
FIGURE 40 STATISTICAL THICKNESS EFFECT ON PLATE CHF VALUES ...................................... ........ 73
FIGURE 41 THE FINAL ITERATION OF PLATE DESIGN ........................................... 74
FIGURE 42 CHF AND FILM BOILING ON PLATE TEST SPECIMEN ........................................ ............. 74
1. Introduction
Dispersions of nano-sized (1-100 nm) particles in water or other base fluids are known as
nanofluids. These colloidal dispersions have several interesting properties, most notable
for this study are the effects on heat transfer. Nanofluids have been shown to dramatically
increase the critical heat flux (CHF) over pure water [1]. This area of study, while broad,
is still within considerable infancy. That is to say that the actual application of nanofluid
technology into industry on any scale requires extensive research. The broad goal of this
thesis will be to evaluate the feasibility of nanofluid applications in the nuclear reactor
environment.
1.1 Applicability of Nanofluids in Nuclear Reactors
The most obvious motivation for the use of nanofluids comes in the increase of the value
of CHF. The impact of this is to expand cooling range in the nucleate boiling region and
to provide a larger margin to CHF. Considering the type of application that will be
discussed shortly, the large early release frequency (LERF) and the core damage
frequency (CDF) should be mitigated. However, the impact of nanofluid use on LERF
and CDF is not the focus of this study and will be left to another student's interest.
Suffice it to say that the nuclear industry as a whole will benefit from increase of the
safety margins.
The reactor accident scenario to be considered is any standard casualty that leads to
uncovering of the core. In commercial reactors in the United States, it is required to have
an emergency core cooling system (ECCS). The function of this system is to maintain
core cooling in the event of a loss of coolant accident (LOCA). This is the first system
where nanofluids can be potentially applied. It is well known that nucleate boiling is the
most efficient form of heat transfer. The energy captured and removed in the creation of
vapor bubbles is much higher than through convection alone. However at some point
CHF occurs with drastic consequences.
Later in the casualty scenario, assuming that ECCS fails to provide adequate cooling, the
core overheats and undergoes melting. This is the first violation of the barriers to prevent
the release of fission products into the atmosphere. The melted core, known as corium,
relocates to the bottom of the reactor pressure vessel (RPV). Without adequate cooling
the corium will eventually overheat the RPV and breech it. This violates the second
barrier to release, leaving only containment integrity to prevent atmospheric release of
the fission products. In the same manner as above, nanofluids can potentially be
implemented, this time in conjunction with an in-vessel retention (IVR) system which
was proposed for advanced light water reactors such as the AP 1000. This system
functions along the same lines as the ECCS however, rather than spray into the core, it
floods the reactor cavity and cools the RPV via natural circulation. Using nanofluids will
again raise the level of CHF allowing for a higher heat flux. If successful in cooling the
vessel and conducting heat away from the corium, vessel failure is prevented, which
helps protecting the containment and thus minimizes the likelihood of early releases into
the environment.
There are, of course, several other applications where CHF is a major concern. Fusion
reactors operate at very high heat flux and require cooling of components in the nucleate
boiling regime. With the advancement of microchips, more heat is being generated in a
much smaller area, and nucleate boiling is being considered as well. These areas, while
important, are not the focus of this study. The goal of this study is to evaluate the
practicality of using nanofluids in the reactor environment, but the reality is, some results
of the study will be broadly applicable to many fields.
1.2 Scope of This Study
There is a large amount of ground to cover to qualify nanofluids for use in reactors and
not a lot of work has been done to date. With the exception of heat transfer studies, little
has been done to investigate the application of nanofluids to the unique harshness of the
reactor environment. The work that will be done will be heavy in experimental nature but
will not pass on the opportunity for theoretical analysis when the need arises.
The first aspect to be discussed after a more in-depth look at ECCS and IVR will be
proper characterization of nanofluids. In literature searches it seems that there are a
number of ways to inspect the properties. For the sake of continuity, the methods
developed by Wesley C. Williams will be implemented [2]. The main properties of
interest are the size of the nanoparticles in the fluid, the pH of the fluid and the
concentration of the nanoparticles in the fluid. These are important to know for
comparison purposes when considering the broad qualification of which nanofluids and
concentrations to use so that the properties of interest are optimized.
When considering the qualification of nanofluids for any possible use in nuclear reactors,
there are three key areas where colloidal stability (i.e., the ability of the particles to
remain suspended) is a concern. The three main areas of evaluation are the durability to
gamma radiation, the stability under the chemical conditions likely to be encountered,
and finally the nanofluid effect on boiling crisis. The experiments will all consist of
inspection of nanofluids at various concentrations. The purpose is not to readily identify a
final champion among various nanofluid contenders, but rather to give a methodology by
which to perform future evaluations when the choice needs to be made.
Radiation durability is the first and seemingly most obvious concern. So far there has
been little effort to evaluate nanofluids in this area. The concern is two-fold. First, there is
the impact of radiation effects on the nanoparticles themselves. Will the imparted energy
by the radiation have any effect on the nanoparticle? The second concern is a bit less
obvious. Being colloidal in nature, one of the means of suspension is via the repulsion of
surface charges on the particles. In order for this to work, the pH of the fluid will need to
be in the correct range for the particular particle. Radiation can affect the surface charge
through radiolysis and so there exists the possibility that the particles could coagulate.
Only gamma radiation will be considered in this study, since the applications of interest
involve a shutdown reactor. A model will be constructed to provide a reasonable guess at
the amount of exposure needed. Then various concentrations of nanofluids will be
exposed to a range of gamma flux. These will be evaluated against unirradiated samples
to determine any effect.
Next, the chemical effects will be evaluated. Reactor primary coolant contains boric acid
and lithium hydroxide (LiOH). IVR uses tri-sodium phosphate (TSP) and boric acid.
Each of these chemical solutions brings interesting questions that must be addressed.
Mainly how will these chemicals affect the implementation of nanofluids in each of these
systems. Again, experiments will be performed where various concentrations of
nanofluids will be subjected to the range of solutions that could be encountered in the
reactor environment and evaluated against control concentrations.
The final and probably most interesting experiment is also the most intensive. Pool
boiling studies will be used to evaluate the nanofluid impact on CHF. One of the more
interesting issues that surround CHF studies is the wide range of values reported. This
leads to a great deal of difficulty in repeatability and often makes it hard to establish a
baseline. An apparatus has been designed and constructed that allows for a wide range of
sample configurations. CHF evaluations were performed using a variety of nanofluid
concentrations as well as in conjunction with chemical solutions and a very promising
effect known as radiation induced surface activation (RISA). Furthermore, orientation
effects will be examined. Both wires and plates will be utilized. The tests were performed
using conditions likely to be encountered in the reactor environment. All tests will be
performed at atmospheric pressure and saturation temperature. The method of heating is
direct DC heating. In addition to the nanofluid evaluation this portion of the thesis should
provide the relevant detailed information for pool boiling CHF tests.
2. Nanofluid Applications to LWR Accident Cooling
Two specific applications are considered for the scope of this study, ECCS and IVR.
These systems are vital to the post-accident scenario in ensuring that the core remains
covered with water and that the reactor pressure vessel is not breached, if the core melts.
Interestingly, each system has its own difficulties to challenge the integrity of nanofluids.
2.1 ECCS
The ECCS is a system whose function is to keep the reactor core covered in the event of a
LOCA. In the most severe postulated failure, there is a double guillotine break of the
primary reactor coolant piping allowing a complete depressurization of the reactor
primary system. The reactor core becomes uncovered and there is no cooling for decay
heat removal. In this instance the ECCS is initiated and the RPV is reflooded.
There are two chemicals of concern that need to be addressed in terms of ECCS
implementation, boric acid and LiOH. These two chemicals are normally used in reactor
coolant chemistry. Boron is a strong neutron absorber. For this reason it is normally
maintained as a chemical shim in the day to day operation of the reactor. LiOH is used
for pH control to counter the effects of the boric acid (BA) and to maintain the overall pH
close to neutral. BA and LiOH concentrated are adjusted throughout a fuel cycle. Figure
1 from Seabrook PWR shows regularly maintained boric acid and LiOH inventory [3]:
Residual BA and LiOH may be present in the primary coolant when ECCS is activated.
Furthermore, BA is added to the ECCS water to insure the core is subcritical when the
water is injected. The boric acid is also injected with the ECCS cooling water.
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Figure 1 Boron Schedule for Seabrook Station [3]
Ifnanofluids were to be used in the ECCS it would be easiest to place them into the
boron mixing tank, along with all of the boron and lithium-hydroxide. In this way they
would be injected into the tank along with the other chemicals. Either the concentrated
nanofluid is stored with BA in the ECCS storage tank, or the diluted nanofluid is injected
in the uncovered core and in turn mixes with BA, it is imperative to ensure the
compatibility of the nanofluid with BA.
2.2 IVR
In the event that ECCS should fail to maintain core integrity, IVR strategy can be
implemented to prevent the RPV failure and subsequent release of fission products. The
function of IVR is to cool the outside of the RPV and to keep the melted corium
contained inside of the primary system. Essentially this system works by flooding the
reactor cavity with water and natural circulation removes the decay heat by cooling the
outside of the RPV.
The chemicals of concern in this case are boric acid and TSP. The boric acid has the same
purpose as before, to ensure the reactor is subcritical. TSP on the other hand maintains a
high pH in order to keep fission products in solution, which minimizes their volatility in
the event of containment failure [4]. The main difference in terms of concentration comes
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in the way that the chemicals are applied. The boric acid is injected via a tank, the TSP,
however, is in baskets in the containment, and so as the water flows in the TSP dissolves
into flooding water. So that the first water to hit the TSP baskets will pick up the TSP at
its saturation limit, then as more water floods in, it will gradually dilute the TSP. For the
purpose of this thesis, the TSP is assumed to range from 5146 ppm to 283000 ppm
(saturation limit). The boric acid is inserted at a concentration of 2600 ppm.
2.3 The Environmental Models
In order to design some sort of way to test nanofluids for the potential use in nuclear
applications it is important to adequately model the environment in which they will have
to perform. Considering the gamma flux, extreme temperatures and the chemical effects,
it is hard to imagine a more aggressive situation in which to apply nanofluids.
2.3.1 Radiation Dose Model
The reactor will be shutdown at the time that the nanofluids are injected into the systems.
The injection will likely occur after the delayed neutron precursors have run their course,
so there should be no significant neutron radiation. Considering alpha and beta radiation,
it is likely that the cooling fluids will be adequately shielded since they will not be
expected to come into contact with the fuel or corium in either situation. This leaves only
gamma radiation to address. The method of modeling will be via decay heat. Decay heat
is primarily made up of gamma and beta decay. The gamma decay is responsible for
slightly less than half of the decay heat power. So considering the infinite operating time
decay heat equation but changing the constant to 0.031 for the gamma power, the decay
heat equation of interest is:
P9 = 0.031Pot -0.2  [2-1]
Where: P, is the power due to gammas
Po is the operating power of the reactor
t is the time after shutdown.
This equation can be integrated over the time that the nanofluid is expected to last in each
system to find the total exposure. Next in creating the model it is important to look at
what portion of normal operating reactor power is due to gammas. Table 1 shows the well
known breakdown of power generated from fission [5]:
Table 1 Fission Energy Distribution [51
Heat Produced
Fission
Energy Source Energy MeV % of Total
Fission Fragments 165 168 84
Neutrons 5 5 2.5
Prompt Gammas 7 7 3.5
Delayed Betas 20 8 4
Delayed Gammas 7 7 3.5
Radiative Capture Gammas - 5 2.5
Total 204 200 100
So the gammas are responsible for about 11% of the total fission thermal power.
Producing a model of the dose, say through MCNP or through and in depth buildup
calculation is beyond the scope of this thesis. Instead, figure 2, from Glasstone, which
shows dose while operating will be used [6].
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Figure 2 Calculated Dose for a PWR [6]
The reactor used to produce the above chart was rated for 2900 MWth. To produce a
simple estimation of dose, the ratio of the 11 % of the operating dose, as given in the
chart to reactor power will be assumed to be the same ratio as dose to decay power
calculated using equation (2-1). This can be expressed as:
0.11Dr DSd
2900 P
Where Dr is the dose of the operating reactor, taken from figure 2
[2-2]
II V V
Dsd is the shutdown dose due to gamma radiation
Combining equations (2-1) and (2-2) and solving for Dsd yields:
Dsd =3.41X10-3 DT -0.2 [2-3]
Further, rather than performing a formal, but trivial, integration of equation (2-3), double
difference is used for conservative purposes. The time frame of exposure is from 1 to 5.8
hours after the casualty for ECCS and 2 to 12 hours after the casualty for IVR. These
times are used based on the time to initiation of each system following a LOCA [7]. So
the total dose range of interest is from 1 X 105 to 1 X 107 rad.
2.3.2 Extreme Temperature Exposure
Thermohydraulic conditions will not be modeled as it will be difficult to achieve the
conditions in the laboratory with the apparatus that will be used. However, modeling has
been completed in the past and it is of interest to take a moment to examine Figure 3 [8]
of peak cladding temperature versus time following an accident.
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Figure 3 Clad Temperature after a LOCA [8]
The conservative assumption model shows that the nanofluids will likely come into
contact with cladding as hot as 2250 OF, while the realistic model predicts a slightly better
1500 oF. This qualifies as an extreme temperature by any material measure. When CHF
occurs this temperature is possibly reached. During reflooding the heat transfer
mechanism is in the film boiling region, which results in a slow quench of the core. This
is an area of interest, however it will not be discussed in this thesis.
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2.3.3 Chemistry
The chemical concentrations noted above adequately describe the environment for the
addressed chemicals. However, there are other externalities that should be considered, but
due to the difficulty of duplicating them in a test environment, they will only be
mentioned. There is a large amount of energy released in a LOCA. This energy is bound
to cause physical destruction. Furthermore, the pressurization of the containment will
introduce a transport method for many unknowns such as iron oxide from rusting
components, paint flakes and structural concerns. For example, the vessel thermal
insulation may be torn or crushed. The high temperature may cause melting of low
temperature components that will then come in contact with the nanofluids. All of these
and more will have an effect that will not be duplicated in the ideal condition tests.
3. Characterization of Nanofluids
3.1 Analytical Methods
In performing tests on nanofluids, it is important to propose acceptance criteria. Once
subjected to experimental conditions, each nanofluid should then be characterized and
compared to control samples. The following acceptance criteria are proposed:
* Stable nanoparticle dispersion with no gross agglomeration or settling
* pH within an acceptable range
* Nanofluid mixture properties are not altered
From this short list, it can then be concluded that the thermal properties should have
remained the same as well [2].
It is necessary to show that the nanoparticles remained stable, and did not agglomerate, or
break down into even smaller components. In order to do this, dynamic light scattering
(DLS) was utilized to asses the size of the nanoparticles in the control samples as well as
post-irradiation. Furthermore, in order to verify the concentration, inductively coupled
plasma (ICP) spectrometry is the method of choice. Finally, an evaluation of the pH was
also conducted. A short description of the DLS and ICP techniques follows.
DLS is a useful technique for measuring particle size distribution in a colloid. The basic
concept of DLS is that monochromatic light, from a laser, is passed through the sample
containing the nanoparticles. The nanoparticles anisotropically scatter the light by the
phenomenon of Rayleigh scattering. By measuring the time dependant fluctuations in the
scattered light and the constructive and destructive interference, caused by the Brownian
motion of the particles, it is possible to then interpret the size of the particles dispersed in
the fluid [9].
DLS is particularly sensitive to even the slightest size fluctuation. Therefore it is of the
utmost importance that the samples be pure as well as clear of any dust or foreign debris.
Furthermore, due to the sensitive nature of the technique, very low concentrations are
needed to perform the inspection. For the purpose of sizing the nanoparticles, each
sample was diluted until optically clear to the naked eye. At this point, the laser light is
easily able to pass through, increasing the accuracy of the reading.
For interpretation of the DLS results, several algorithms have been developed and can
vary in result depending on particle size and shape. Unfortunately, many of the
algorithms result in artifactual representations. "Exponential sampling" (EXPSAM)
algorithm gives consistent and accurate results for the particle size of interest.
Furthermore, while the peaks of concern are broader than other statistical methods, there
are fewer artifices outside the bounds of interest. It is for this reason that the particle size
data reported in this thesis were obtained using EXPSAM.
Inductively coupled plasma spectrometry is a very common analysis performed for the
purpose of identifying elemental parts per million (PPM) concentrations of unknown
quantities. The ICP machine that was used for analysis is the Spectro Ciros Vision. ICP
works by creating plasma with a temperature range of between 6000 and 8000K. The
sample is then injected via a systolic pump through a nebulizer, making it an aerosol, and
ultimately into the plasma. Due to the high temperature, the molecules in the sample
disassociate and ionized excited atoms result. Each element emits a characteristic
radiation that is then diffracted in the optical portion of the ICP machine, creating a
spectrum which is read by a charged coupling device. Once a signal is produced it is
analyzed by a spectrum of counts using the provided software and outputs the
concentrations of the elements of interest [10].
ICP is ideal for checking the precise concentration of many elements. Prior to using the
ICP, each sample must be diluted in order to be in a range that will not saturate the
detectors. Since the machine measures in PPM, dilution is a straight forward matter of
mixing the sample with deionized (DI) water in the required proportions. Once the
diluted samples are prepared, the ICP machine needs to be calibrated for the element of
interest. In this case the element is aluminum. Aluminum standards are used to create a
linear relation of counts vs. concentration. Once the standards have been run and the
correlation checked, then the actual samples can be run. During the running of the
samples, the concentration of the argon gas used in the machine is also measured. If the
argon varies significantly, then there may be a problem with the ICP process and this will
give an indication that the data may be off. Furthermore, since the ICP machine outputs
the data in PPM of the element of interest, this must then be converted to the actual
molecular concentration of the sample mixture. This is done by a ratio conversion based
on the gram atomic weight of the element to the gram formula weight of the overall
molecule.
For the purpose of this investigation, pH is measured with an Omega PHB-212 desktop
pH and temperature meter. This microprocessor controlled device provides pH from an
electrode type probe, compensating for temperature. Prior to sample testing, the meter is
calibrated using a two-point method. Buffer solutions with a pH of 7.0 and 4.0 are used to
ensure accuracy of measurement. Due to the sensitivity of the pH probe, it is necessary to
test each sample over a time period to allow for stabilization of the reading. Upon
stabilization, the pH and temperature are recorded for analysis.
3.2 Sample Preparation
The preparation of the samples consists in mixing and diluting process to achieve the
desired volume percent. For example, the as-purchased alumina nanofluid from Nyacol is
20 wt%. Since the method of interest requires them to be in volume percent, the formula
# 4 from "Boiling Point Measurements for Nanofluids" by Sung Joong Kim [ 11] is used
is used to calculate the amount of water to be added (d) for a given target vol% (y):
1-y 1-x P,
d=a Y  x pw [3-1]
1-x P,1+
x p,
where
a is the amount of original nanofluid to be added;
d is the amount of water to be added;
x is the weight percent of the concentrated nanofluid;
y is the target volume %;
pp is the density of the nanoparticles in g/mL; and
Pw is the density of the water in g/mL
For Nyacol A120 3, x is 20 wt% (vendor specified), pp is 3.9 g/mL. For dilution, deionized
water is used, with a Pw of 1g/mL. Once appropriately mixed, the solution is then divided
into different samples. The samples are numbered and labeled for tracking purposes.
ICP can give concentration values in several units, however, many standards are mixed
using ppm. Since nanofluids concentrations are given in weight or volume percent it is
therefore useful to be able to manipulate between the common units of fractional
measurement - weight percent (wt%), volume percent (vol%) and parts per million
(ppm).
Weight percent is defined by the following equation:
M
wt% = x100%
Ms [3-2]
where:
Mp is the mass of the nanoparticles; and
Ms is the total mass of the solution.
Similarly, volume percent is defined as:
vol% = P x 100% [3-3]Vs
where:
v, is the volume of the nanoparticles; and
vs is the total volume of the solution.
For conversion between volume percent and weight percent the solution density (Ps) and
the nanoparticle density are used, shown in the following formula:
vol% =•M x A x 100% = wt% x P [3-4]
M, Pp Pp
For the solution density it is important to take into account the actual density if there is a
significantly high concentration nanofluid being mixed. For very dilute samples, simply
using the density of water is sufficient.
When performing a dilution that results in extremely dilute samples, so that the chemical
weight can be neglected and using many of the same variables as the dilution equation,
ppm of nanoparticle is given by:
ppm, = d+(1-x).a-a(-x) p [3-5]
This formula will give the total ppm of the particle in the solution. At this point it is
necessary to use the gram formula weight to convert the mixture ppm to an elemental
ppm for dilution values and comparison with the ICP results.
4. Radiation Effects on Nanofluids
If nanofluids are going to be used to improve heat transfer properties in a nuclear reactor,
the effects of radiation on the particles must be evaluated. If the physical properties of the
nanofluid change in a radiation environment, then they may not be able to perform their
intended function and this would be one of the key criteria for screening nanofluids for
nuclear reactor applications. As part of this study, irradiation experiments have been
performed and will be described below.
4.1 Method of Evaluation
Since the nanofluids will be used for post-accident CHF enhancement, gamma radiation
is the primary radiation of interest. For the purpose of the experiment, several samples of
nanofluid were prepared and irradiated in a Gammacell 220E Irradiator. The samples
were then analyzed for particle size distribution, concentrations, and pH to identify any
change in these properties due to radiation.
The Gammacell 220E Irradiator uses 12 cobalt-60 pencil sources, arranged axially around
a sample chamber. When a sample is loaded into the irradiator, it then travels down into
the actual gamma cell portion. Due to this transit, there is a transit dose applied. While
the transit dose is small compared to the overall dose, it is included for completeness. The
machine then irradiates the sample for a preset time. and returns the sample to the load
position for recovery and safe handling. The Gammacell is owned by the biology
department at MIT and is located in the basement of building six
The irradiation cell arrived on September 29, 2003, with a combined source strength of
32228 rad/hr, and a transit dose of 1934 rad per transit. To calculate the dose at the time
of irradiation, these two values are simply plugged into the decay formula, D-=Doe"_ ,
where the half-life value of cobalt 60, 5.271 years, is used. Then combining the transit
dose at the time of the sample with the in-cell dose rate, the time of irradiation needed for
a desired total dose is calculated.
Figure 4 Irradiation Sample Holder
Since the Gammacell 220E Irradiator utilizes pencil sources in an axial assembly, the
dose rate inside the sample cell is not constant. The dose rate is higher near the sources of
the cell. It turns out that the dose is actually higher by a factor of 1.3 in the area
immediate to the walls [12]. For this reason, it was seen prudent to construct a sample
holder to keep each sample as close as possible to minimize the sample irradiation time
for the required dose. Figure 4 illustrates the sample holder. The construction material of
choice is sheet aluminum of a minimal thickness. Aluminum was chosen because it
would be able to incur a high dose without deterioration in its mechanical properties,
allowing it multiple uses, and it has a low attenuation coefficient of gammas, so as not to
affect the total dose. The dimensions of the holder are such that it places each sample in
the maximum flux, and is capable of holding up to six samples.
4.2 Sample Preparation
The nanofluid of interest to this study is aluminum oxide, A120 3, manufactured by
Nyacol which was proven to be stable after dilution [7]. The samples were prepared for
volume percents of 0.1, 0.01 and 0.001, Table 2 summarize both the mixing and the dose
times for each sample. Once the concentration is appropriately mixed, the solution is then
divided into different samples. Each sample to be irradiated in the gamma cell is
contained by a 20 mL glass bottle which fits into the sample holder. Two samples of each
concentration are prepared for each desired dose.
The irradiations themselves are performed for a range of gamma dose. The dose
magnitude range is chosen to encompass the expected gamma dose in post-accident
situations, as discussed previously in section 2.3.1. Irradiations were performed for three
different dose magnitudes, 1 x 105, 1 x10 6 and 1x10 7 rad. Furthermore, one sample bottle
of each volume percent was left unexposed to serve as a control for the analysis.
Table 2 Irradiation Sample Production Matrix
Sample GC
# Run# NF Type
1
1
1
1
1
2
2
2
2
2
2
3
3
3
3
3
3
Control
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Control Nyacol Al
Control Nyacol Al
yVol% a(200) d(200)
0.001
0.001
0.0001
0.0001
0.00001
0.00001
0.001
0.001
0.0001
0.0001
0.00001
0.00001
0.001
0.001
0.0001
0.0001
0.00001
0.00001
0.001
0.0001
0.00001
3.4
3.4
0.4
0.4
0.1
0.1
3.4
3.4
0.4
0.4
0.1
0.1
3.4
3.4
0.4
0.4
0.1
0.1
3.4
0.4
0.1
201.4193
201.4193
240.5639
240.5639
602.3096
602.3096
201.4193
201.4193
240.5639
240.5639
602.3096
602.3096
201.4193
201.4193
240.5639
240.5639
602.3096
602.3096
201.4193
240.5639
602.3096
position Dose Date
1
4
2
5
3
6
1
4
2
5
3
6
1
4
2
5
3
6
Control
Control
Control
10/10/2006
10/10/2006
10/10/2006
10/10/2006
10/10/2006
10/10/2006
10/1012006
10/10/2006
10/10/2006
10/10/2006
10/10/2006
10/10/2006
10/10/2006
10/10/2006
10/10/2006
10/1012006
10/10/2006
10/10/2006
n/a
n/a
n/a
Desired Dose Time
Dose (rad) (min)
1.00E+05
1.00E+05
1.00E+05
1.00E+05
1.00E+05
1.00E+05
1.00E+06
1.00E+06
1.00E+06
1.00E+06
1.00E+06
1.00E+06
1.00E+07
1.00E+07
1.00E+07
1.00E+07
1.00E+07
1.00E+07
0.00E+00
0.00E+00
0.00E+00
3.770807
3.770807
3.770807
3.770807
3.770807
3.770807
38.24815
38.24815
38.24815
38.24815
38.24815
38.24815
383.0216
383.0216
383.0216
383.0216
383.0216
383.0216
0
0
0
4.3 Results
The results of the sample analysis are discussed below. Each sample was also visually
inspected immediately after irradiation and no particle settling was noted. A general
summary is shown in table 3. For each test, results and interpretation, as well as a
discussion of the effect on the acceptance criteria, will be given.
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Table 3 Irradiation Sample Test Summary
Summary of Irradiation of Nvacol Alumina Nanofluids
Desired Actual DLS
Sample # NF Type y Vol % Dose Date Dose PPM pH EXPSAM
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
Nyacol Al
0.001
0.001
0.0001
0.0001
0.00001
0.00001
0.001
0.001
0.0001
0.0001
0.00001
0.00001
0.001
0.001
0.000 1
0.0001
0.00001
0.00001
0.001
0.0001
0.00001
10/10/2006
10/10/2006
10/10/2006
10/10/2006
10/10/2006
10/10/2006
10/10/2006
10/10/2006
10/10/2006
10/10/2006
10/10/2006
10/10/2006
10/10/2006
10/10/2006
10/10/2006
10/10/2006
10/10/2006
10/10/2006
n/a
n/a
n/a
1.00E+05
1.00E+05
1.00E+05
1.00E+05
1.00E+05
1.00E+05
1.00E+06
1.00E+06
1.00E+06
1.00E+06
1.00E+06
1.00E+06
1.00E+07
1.00E+07
1.00E+07
1.00E+07
1.00E+07
1.00E+07
control
control
control
6556.333
3150.667
323.3778
313.7444
33.79222
42.63222
4357.667
3428.333
430.2889
391.3778
33.90556
44.10556
8821.111
3604
427.4556
382.1222
27.84222
47.03333
7202.333
600.2889
45.99444
4.28
4.226
6.38
4.691
7.18
7.029
4.26
4.253
6.68
5.113
7.31
7.026
4.34
4.232
4.98
4.826
7.16
6.729
4.28
5.8
7.32
31.6
32.7
41.7
37.4
45.1
58.2
I10000
1000
100
10
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Figure 5 Concentration as a Function of Dose
The results of the ICP analysis, Figure 5, show that there was little change in the
concentration of the nanofluid resulting from the irradiation. Furthermore, they reinforce
the dilution method that was used to obtain the correct percentage. While there is some
data scattering, and some of it significant, all of the values are in the expected order of
magnitude. Considering that the solutions must be diluted for analysis, and that the levels
are in the PPM range, the error is most likely due to the sensitivity of preparation.
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Figure 6 Irradiation Sample Mean Particle Size
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The particle size was measured with DLS for only the most irradiated samples. The idea
being that if there was any evidence of particle agglomeration or break down, then the
other samples would also be inspected. However, the measured particle sizes did not
change significantly after the irradiation as shown in Figure 6.
Also, the pH did not seem to change. Figure 7 gives a representation of the pH change
relative to concentration and irradiation time. It is clear that irradiation had little, if any,
effect on the nanoparticle solutions' acidity.
It is evident that gamma irradiation had very little effect on the alumina nanofluid
stability. From the above analysis, it can be concluded that there was no noticeable
agglomeration, degradation or change in the stability of the suspended particles. With the
nanoparticles intact, and the overall solution properties relatively unchanged, the CHF
enhancement is still probable to occur. This initial investigation shows great promise for
the applicability of using alumina nanofluid in nuclear reactors, and warrants further and
deeper exploration.
5. Chemical Effects on Nanofluids
Nanofluids that may eventually find use in nuclear reactors will need to be compatible
with the chemical environment that they are likely to encounter in both the primary
coolant, when used in ECCS, as well as the water used in IVR. In order to test the
nanofluid's robustness, both the primary as well as the IVR environment must be
simulated. This is done through a series of chemical tests using the different chemicals
likely to be present in each situation. As stated in chapter 2, the chemicals of concern for
ECCS are boric acid and LiOH and, for IVR, boric acid and TSP. Nyacol Alumina
nanofluids were used also for the chemical effect tests.
5.1 Simulations
The two simulations will be very similar in experimental nature. The chemical simulation
solution will be mixed at various concentrations. Next, this solution will be mixed with
nanofluids for concentrations of 0.15, 0.3, and 1.5 vol% alumina. Furthermore, a control
of each concentration is mixed with pure DI water. There is a break from the normal
convention of concentrations throughout this thesis. The reason is that the chemical
solution was mixed first and divided into the samples, then such a small amount of
nanofluid was diluted into each sample that the selected volume percentages result from
using the measuring equipment in the laboratory that would give the least amount of error
and most repeatability.
5.1.1 ECCS
ECCS conditions are simulated by choosing four points from figure 1 and mixing
chemicals as appropriate to give similar levels of boric acid and lithium hydroxide. The
results of each of the characterization methods are tabulated and summarized in table 4.
In addition, graphical representations of the results are provided as follows: DLS - figure
8, ICP - figure 9, and pH - figure 10.
Sample hformation
Samrple Boron Li
# Vol% PPM PPM
28 0.15 0 0
29 0.3 0 0
30 1.5 0 0
31 0.15 500 2.221
32 0.3 500 2.221
33 1.5 500 2.221
34 0.15 1200 3.204
35 0.3 1200 3.204
36 1.5 1200 3.204
37 0.15 2200 3.89
38 0.3 2200 3.89
39 1.5 2200 3.89
40 0.15 4285 3.99
41 0.3 4285 3.99
42 1.5 4285 3.99
Table 4 ECCS Chemical Test Summary
ICR
Percent
Actual Delta Cifference
Actual Expected Expected- Delta/
PPM PPM Actual expected
5205.78 5903.01 697.23 11.81
11658.22 11865.64 207.42 1.75
65015.56 61826.25 -3189.30 -5.16
5024.44 5903.01 878.56 14.88
10524.89 11865.64 1340.76 11.30
63051.11 61826.25 -1224.86 -1.98
4892.22 5903.01 1010.79 17.12
10993.33 11865.64 872.31 7.35
64411.11 61826.25 -2584.86 -4.18
3906.22 5903.01 1996.79 33.83
11643.11 11865.64 222.53 1.88
52737.78 61826.25 9088.47 14.70
4729.78 5903.01 1173.23 19.88
11711.11 11865.64 154.53 1.30
61124.44 61826.25 701.81 1.14
AVG 8.37
Standard Div.
DI.LS:
EXP
SAM % dif
37.8 12.09
42.5 1.16
85.7 -99.30
48.1 -11.86
42.2 1.86
33.6 21.86
35.2 18.14
33.9 21.16
37.3 13.26
41.8 2.79
40.5 5.81
36.8 14.42
40.8 5.12
34.2 20.47
54.6 -26.98
43
12.66 29.45
DLS of UOH/BA
Sarple Nurber
Figure 8 ECCS Sample Mean Particle Size
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5.1.1.1 Analysis
DLS data shows that there was little change in particle size. In the samples that contained
boric acid and lithium hydroxide the particles remained remarkably consistent in size
distribution. Conclusively, there was no agglomeration due to the addition of chemicals
to simulate ECCS conditions. Furthermore, ICP indicated that the concentrations of
nanoparticles remained at the expected dilution values, indicating that, again, the
chemicals had no effect on this parameter. The results of the pH data are inline with
expected values. In addition, no visual settling was noted in any of the samples.
From the experimental data, it can be inferred that Nyacol Alumina nanoparticles are
capable of withstanding the chemical environment likely to be found in the post-accident
primary coolant of a nuclear reactor. The acceptance criteria from section 3. 1have been
met. Since no noticeable agglomeration or degradation or change in the stability of the
suspended particles has been noted, the CHF enhancement properties of interest are still
likely to occur. The application of Alumina Nyacol for use in ECCS is shown to be viable
from a chemical standpoint.
5.1.2 IVR
For the IVR simulation, the boric acid is set at 2600 ppm as would be controlled by the
injection mixture. The TSP, on the other hand will change concentrations as discussed in
chapter 2. For this simulation, and for reasons that will become apparent, only .15 vol%
alumina was used at first. The values of concentration used, as well as the pH are shown
in Table 5.
Table 5 IVR Simulation Sample Matrix
Sample Matrix for IVR Simulation
BA TSP NF pH b/f
Sample # (ppm) (ppm) Type vol nf
55
56
57
58
61
62
63
64
2600 5146 Nyacol 0.0015 7.73
2600 50000 Nyacol 0.0015 10.13
2600 100000 Nyacol 0.0015 11.38
2600 283000 Nyacol 0.0015 12.17
2600 1000 Nyacol 0.0015 6.15
2600 2000 Nyacol 0.0015 6.59
2600 3000 Nyacol 0.0015 6.8
2600 4000 Nyacol 0.0015 6.96
Interestingly, at the moment of addition into the simulation, at all concentrations of TSP,
instant agglomeration occurred. At this point then, the analysis must deviate from the
normal characterization of DLS, ICP and pH. There are two competing possibilities of
failure occurring. The first is that a low pH is required to keep alumina in suspension as it
relies on surface electric charges to stay stable. Since the pH is so high in samples 55-58,
a lower pH range was mixed. Earlier in chapter 4 it was noted that alumina was stable for
pH's slightly above 7.0 at low concentrations in just DI water. Samples 61-64 reflect an
°. , . °. . . m •
inspection for a tighter range of pH from 6.15 to 6.96. Unfortunately, even in this range,
agglomeration and settling still occurred. The next failure mode can be that a chemical
reaction is taking place. In order to investigate this, X-ray Diffraction (XRD) is used.
Investigating the agglomeration optically provides little insight other than to see a
consistent and gelatinous precipitation. Figure 11 shows the product magnified at 100x. It
is interesting to note the texture and shaping, however this is of little significance in
identifying the mechanism by which the agglomeration occurs. The precipitant is very
weakly held together and has the consistency of jelly. It is easily broken up and can be
spread without difficulty.
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Figure 12 Fluid XRD Spectrum
The performance of XRD occurred using equipment owned by MIT's Material Science
Department under the direction of Dr. Scott Speakerman. First the precipitant was
analyzed and compared with a prior spectrum of undiluted Nyacol Alumina, performed
by Bao Truong. It should be noted at this point that the spectrum of Nyacol Alumina
clearly shows both corundum and bohemite, as stated by the MSDS for that chemical.
However, the precipitant spectrum in figure 13 reveals an exact match for bohemite. The
next inspection occurred on the remaining liquid in search of the missing corundum.
Unfortunately the only compound to be seen was the TSP. In figure 12, the red lines
correspond to the spectrum for TSP, an excellent match, and the blue lines to corundum,
no match. Another interesting feature that arises from the three spectrums is the
interpolated crystal size based on the width of the peaks in the spectrum. The more
narrow the peak, the larger the crystal formation causing that peak. In the case of TSP,
steep and narrow peaks result, indicative of the large crystalline structure. The peaks in
the Nyacol solution as well as the precipitant are noticeably flatter and wider, this
indicates smaller formations. In fact, the size estimated by the analysis software turns out
to be about 40 nm, corresponding to the size noted from DLS. This is particularly
interesting for the precipitant, as even though it is agglomerating, the raw particle size is
still on the nano-meter scale. So a possible explanation is as follows: When the alumina
is injected into the solution containing TSP, the TSP causes a breakdown of the
corundum, turning it into bohemite. This bohemite alone no longer has the charge
repulsion necessary to maintain colloidal suspension via Brownian motion and
coagulates, forming the precipitant.
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Figure 13 Precipitant XRD Spectrum
It is clear that Nyacol alumina is not a viable option for use in the IVR scenario.
However, perhaps other nanofluids will be useful for this application. While it is not the
purpose of this thesis to identify one which would work, some other nanofluids have been
screened with a simple test. One ml of various nanofluids was injected into 20 ml of boric
acid/TSP solution and visual results are noted. This allows for a quick screen to notice
which nanofluids have the potential to work. Ludox (silica) and diamond have been
tested and both resulted in settling. This is interesting since both of these nanofluids are
considered unreactive, however it may be that the TSP is coating them and removing
their respective suspension mechanisms. Magnetite, a nanofluid that normally exists in a
high pH environment also settled. It is believed that this is due to a chemical reaction as
the precipitants had lost their magnetic properties.
5.2 Summary
Nyacol alumina continues to be a strong candidate for use in ECCS. The results from the
chemical tests show great promise for this nanofluid. On the other hand, the simulation of
IVR has proved much more challenging than ECCS due to the presence of TSP. As an
alternative to immediate application of TSP, it may be possible to design the IVR system
to delay injection of TSP until after the nanofluid has coated the RPV surface.
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6. Pool Boiling Experiments
In order to simulate the effect that nanoparticles will have on CHF in the reactor
environment, pool boiling studies will be conducted.
6.1 Heat Transfer in the Pool Boiling Environment
Heat transfer in the pool boiling environment is an interaction of liquid and vapor phases
combined with a complexly structured surface. At the lowest heat fluxes, there is no
boiling and heat is transferred mainly via convection. As the heat flux rises, boiling
begins and eventually there is a crisis where the nucleate boiling mechanism breaks down
- the critical heat flux. At this point a marked decrease in heat transfer ability takes place.
Beyond CHF there lies the film boiling region, where the liquid is no longer in contact
with the solid surface but is instead blocked by a vapor layer. In order to study the
nanofluid impact on nuclear, or any pool boiling, system, it is important to understand
these regimes. The focus here is primarily on CHF.
Beginning with convection. If there is a difference in temperature between a surface and
the liquid in contact with it, there will be a transfer of heat. In the absence of forced flow,
the heat transfer mechanism is free convection. In this regime, Newton's Law of Cooling
states:
q" = h(T, -Tbulk )  [6-1]
Where: q" is heat flux
h is the heat transfer coefficient
Ts is the surface temperature
Tbulk is the bulk temperature of the coolant.
For free convection between a liquid and a solid surface, the heat transfer coefficient is
usually between 6 and 30 W/M2K [13]. This value is usually found using correlations for
many different mediums and flow conditions and will not be discussed in detail here.
At some point the heat flux is high enough to cause the onset of nucleate boiling at the
surface. A surface is not usually a perfectly smooth interface. Instead, at the micro-level,
it is a field of cracks and pits. It is in these surface defects that boiling begins. These sites,
known as nucleation sites, contain trapped gasses that expand when heated and
eventually develop into the vapor bubbles. There is a certain amount of superheat
required to cause the nucleation sites to become active. The higher the super heat, the
smaller the cavity that can activate. That is to say that at a low superheat, only relatively
large cavities will be active, as the super heat increases, more and smaller nucleation sites
begin boiling action [14]. Now the correct form of Newton's Law of Cooling becomes:
q"= h(T, - T,,, ) [6-2]
With the substitution of Tsat, which is the liquid saturation temperature. The heat transfer
coefficient changes also as nucleate boiling is much more effective at transferring heat
than free convection.
Nucleate boiling is so efficient at moving heat that it can cover multiple orders of
magnitude of heat flux. However, at some critical value of the heat flux the mechanism
breaks down. There are many theories as to why it breaks down but as of yet there is no
first principle explanation. When the breakdown, CHF, occurs, the wall temperature
jumps as the remarkable heat transfer coefficient of nucleate boiling is markedly reduced
to the heat transfer coefficient of film boiling. CHF is the physical limit of nucleate
boiling heat transfer systems. CHF values can be obtained by a number of correlations
that focus on various effects and properties.
Rosenhow and Griffith chose to describe the CHF mechanism as bubbles filling the
surface and eventually coalescing into a vapor layer that overtakes the surface, stopping
the rewetting and boiling modes of nucleate boiling [13]. The correlation is as follows:
q"CHF = Chfg, Pg Pg [6-3]
Where: q"cHF is the CHF point
C is a constant, equal to 0.012 m/s
hfg is the latent heat of vaporization
p, is the density of the gas
Pt is density of the liquid.
What seems to be the most commonly referenced correlation came from Zuber and
Kutateladze. Essentially, this theory claims that vapor jets are leaving the surface and
liquid is returning to rewet the surface between these jets in down flowing columns. As
the heat flux increases, the jets grow, squeezing out the columns and at some critical
velocity the system breaks down. The breakdown occurs due to Hemholtz instabilities in
the jets, causing them to collapse and prevent the liquid columns from rewetting the
surface [13]. The correlation is:
qcHF = Cp, 2hg [g(pf - Pg) [6-4]
Where ar is the surface tension.
The constant, C, varies. Since the correlation was developed independently, Zuber
proposed C as 0.131 and Kutateladze proposed it should be 0.149. Dhir and others
recommended an addition to the Zuber correlation in which different surfaces geometries
are taken into account [13].
Kandlikar gave a correlation for angular effects that takes into account contact angle and
recoil forces on CHF. These two elements, contact angle and recoil forces have been
previously neglected in many of the existing correlations. Recoil forces can be
understood as the perturbative oscillations occurring at the vapor-liquid interface that
occur as a result of bubble formation and motion. Contact angle effects, on the other
hand, are of importance as they control the rate of rewetting of a surface as well as the
geometry of the vapor-liquid-heater interface [15].
In Kandlikar's model, a force balance is performed on a vapor bubble that is recently
created and about to depart. Kandlikar examined the vapor-liquid-solid interface by
looking at the left side of the bubble. Figure 14 shows the relevant forces, neglecting
inertial forces [15]:
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Figure 14 Force Balance on Bubble Creation [151
Where:
Fg is the force due to gravity
Db is the diameter of the bubble
Fm is the force due to recoil effects
A is contact area of the bubble
Fs,2 is the surface tension on the top of the bubble, acting parallel to the
heated plate
F,,1 is surface tension on the heated plate
Hb is height of the bubble
0 is the contact angle.
In his model, Kandlikar chose the heat transfer zone from the bubble as twice the
diameter of the bubble projected on the heated surface. He declares that CHF occurs
when surface tension and hydrostatic forces give way to the recoil forces. The final
summary equation for CHF replaces the constant of Zuber and is given as:
s),.L
q"CHF = LGP 16 + 1+ L [6-5]
Introducing:
iLG is the latent heat of vaporization
b is the angle of inclination of the heater.
Many other CHF correlations exist. For this study, however, these three will serve as the
basis for further discussion. Table 6 shows the predicted CHF value for these four
correlations for a level stainless steel plate heater with water as the working fluid at
atmospheric pressure:
Table 6 Summary of CHF Correlation Predicted Values
Rosenhow
and Griffith Zuber eqn Kutateladze Kandlikar
eqn (6-3) (6-4) eqn (6-4) eqn (6-5)
CHF (MW/mA2)I 1.355 1.108 1.261 1.054
What Table 6 does not show is the two key variables in Kandlikar's correlation: contact
angles and plate inclination angles. It is assumed here that the heater is horizontal (z =0)
and the contact angle is 71 degrees.
Figure 15 A Typical Boiling Curve [16]
The boiling curve, Figure 15, is a classical way of showing the heat flux as it varies with
the wall super heat [16]. In the convective region the wall may not be superheated but it
is warmer than the bulk temperature. As described above, at some heat flux, boiling
starts, this is the nucleate boiling region. In this region is the steepest part of the curve,
demonstrating the superior heat transfer coefficient of nucleate boiling. At the top of the
nucleate boiling portion lies the CHF point, the dashed line represents the nearly
instantaneous transition to the film boiling region. The minimum heat flux, or Leidenfrost
point in film boiling is where the system can transition back to nucleate boiling. In
between, lays an unstable region known as transition boiling. It is a region that can only
be entered with a controlled wall superheat, and is therefore very difficult to study
experimentally.
6.2 Pool Boiling Experiments with Wire
In order to truly investigate any enhancement in CHF, it is necessary to actually perform
experimentation that would allow the quantification of the effect of nanofluids. For the
initial experimental attempt, a new apparatus is to be built and will be described below.
The first series of tests will be performed using stainless steel wire in a variety of fluids
and chemical mixtures and a range of inclination angles.
6.2.1 Pool Boiling Apparatus
The overall desire is that the apparatus can be used for several studies, not just the initial
wire studies. The following criteria have been used in the design. The apparatus should
Twall - Tsat
be capable of operating with water and water-based nanofluids at the saturation
temperature corresponding to atmospheric pressure (100 0 C). Furthermore, the apparatus
must be able to maintain the bath tank temperature at saturation with little heat loss. It is
desirable that there be a viewing window for observing CHF. A fast heat up rate to
minimize experimental setup is desirable. The ability to accommodate various sample
configurations is also important. By being able to vary the angle, shape, and geometry of
the sample, a full range of tests can be performed. Furthermore, the experimental tank
must be resistant to the chemicals that will be tested.
The design was such that there is an inner tank where the tests will be performed, and an
outer tank that will act as an isothermal bath. On the top of the inner tank is a head that
allows for sample electrode positioning and instrumentation penetrations. The electrodes
can be positioned at any angle and any depth, this allows for the sample to be placed at
any orientation limited only by the size of the tank. The inner tank, head assembly,
electrode sheathes, outer tank windows and overflow tank are constructed of
polycarbonate. For the ball joints, acetal is used and the swage fittings on the head are
constructed of kynar. The electrodes are constructed of copper, they are tapped on each
end to allow for conductor or sample attachment. For an additional axis of movement,
they have a joint placed approximately one inch from the sample end. A portion of the
sheathing on the top is removed for clamping to allow larger current applications. For
potentially dangerous chemicals, there is a penetration that allows the use of an
accumulator, with its outlet fed to a water trap. This allows the use of the apparatus
outside of a fume hood, providing greater operability. The inner tank holds approximately
6 liters of fluid, and measures two inches by twelve inches by twelve inches inside. The
outer tank contains a 1.5 kW heater that is used to heat up and maintain tank temperature.
This heater should be able to bring the tank from room temperature to saturation in
approximately two hours. Aside from the large polycarbonate windows there are also
aluminum tank walls, these serve both as water boundaries and structural components for
the entire apparatus. The entire apparatus is sealed with copious amounts of high
temperature resistant silicon. Figures 16 and 17 are a visual explanation of the new
facility:
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Figure 16 Constructed and Exploded Diagrams of Pool boiling Experiment
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For the purpose of the wire tests, the power supply that was used is a 120VAC Sorenson
model SRL 20-25. It is rated for a capability of 20 volts and 25 amps, which is sufficient
to cause CHF in the wires used. The test will utilize current as an adjustment for power.
That is to say that the dial for voltage will be dialed all the way up, allowing the power
supply to give whatever potential is needed for the selected current. The advantage of this
approach can be highlighted considering the following equations:
P= IE
P= I2R [6-6]
E2
R
Where: P is Power
E is Voltage
R is resistance
When CHF occurs the surface temperature of the metal increases by an order of
magnitude. This increase also causes a large increase in resistance. If using current
control, when CHF occurs, and resistance quickly rises, a runaway in power occurs,
breaking the wire. If instead there is voltage control, when CHF occurs and the resistance
rises, a rapid decrease in power results, as resistance is in the denominator of the power
equation. What this leads to is hysteresis in the boiling curve. Fascinating as it is, it is not
of any value for this particular study. However, if the power supply did not have an over
voltage protection and the specimen did not break, this method would prevent a voltage
excursion.
Partially the purpose of the wire experiments was to serve as a proof of concept prior to
more time and resource consuming plate tests. For this reason it was not deemed
necessary to have a data acquisition system and all data is taken by hand and tabulated
later. The voltage of the sample is measured using a simple multimeter. The current is
measured using a multimeter and a calibrated current shunt. Readings are taken ever six
minutes following power increases. Heat flux is then calculated simply by the dividing
power by the surface area of the wire.
Figure 18 is an electrical schematic of the experiment:
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Figure 18 Pool Boiling Experiment Schematic
For the actual wire experiments, the same wire was not used each time. The wire is made
of 316 stainless steel. It is 0.381 mm in diameter. The preparation of the wire is done to
give the same surface for each test wire and was purposefully performed to mimic the
finish of a machined surface. To accomplish this, the wire was prepared using the
following steps:
Clean off all oxidation with acetone
Sand with 600 grit to simulate the machine surface
Clean again with acetone to remove flake from sanding
4. Clean with DI water to remove any residue left by the acetone
5. Let the wire sit for approximately 24 hours to rebuild the oxide layer to a
uniform thickness
Once prepared, the wire to be tested is placed into a screw type terminal in the test
apparatus and the test is performed. In the same manner as [16] there is a slow approach
to CHF, with 6 minute soaks in between heat flux increases. The first wire of the day is
also used to aid in heating the experiment by being placed at a high heat flux. Once near-
saturation conditions are met then the test commences. Once a CHF value is known, the
test is abridged by coming closer to that value, usually 50 percent and then approaching
CHF, this maximizes time effectiveness and efficiency in performing the experiment and
still provides consistent results. The power increases are normally in 100 kilowatt
increments. Once CHF occurs, the wire is changed and the test matrix continues. Wires
are handled with nytril gloves to prevent surface contamination. After a wire has
undergone CHF testing, it is placed in a centrifuge vial and then put into a de-humidifier
for future analysis.
The test matrix for the wires was as follows. For each point on the matrix, three wires are
run to show repeatability. The first set was a horizontal wire in DI water, used to show
that the apparatus worked and then to provide baseline data for further tests. The second
set of tests, also performed in DI water, were to inspect angular orientation effects of the
wire, test points at 30, 45, 60 and 90 degrees of orientation from horizontal. In the third
set of tests, Nyacol alumina nanofluid was tested at three concentrations and each
concentration having two concentrations of boric acid and lithium hydroxide added.
6.2.2 Base Lining
For the horizontal base line cases the CHF correlation for an infinite flat plat by Zuber
and Kutateladze will be used. This yields a CHF value for water of 1.17 and 1.26 MW/m 2
for Zuber and Kutateladze respectively.
The actual values for a horizontal wire in DI water are pretty consistent with the
correlations and previous tests by Bao Truong, which had results for water of -0.83
MW/m2 [16] and Sung Joong Kim who obtained values of-1.3 MW/m2 [218]. The CHF
values for the first three wires break down as 0.99, 1.14, and 1.04 MW/mi.
6.2.3 Orientation Effects
Kandlikar's correlation is used for this portion of the study. For the purpose of this test,
the wire was mounted at different angles, 30, 45, 60, and 90 degrees. The CHF values are
averaged to be 0.98, 0.86, 0.75, and 0.82 MW/m 2 respectively. For the calculation, we
use the contact angle of water on stainless steel given by S.J. Kim as 71 degrees [9]. The
comparison to the Kandlikar correlation is shown in Figure 19.
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Figure 19 Plate Orientation Effect on CHF
It is clear in figure 19 that at low contact angles, the correlation and the data are very
close. The error bars represent the scatter of test data. However, at steeper angles
discrepancy is wider. Perhaps this is because the correlation is for plates and this test was
using a wire. What this may lead to is a clearing of the bubbles formed on the wire by the
rising bubbles from below. Figures 20 through 22 provide some insight:
Figure 20 Nucleate Boiling at 0 and 30 Degree Angles
Figure 21 Nucleate Boiling and Sustained Film Boiling at: 60 Degrees
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6.2.4 Fluid Tests
With the baseline CHF for wires in a pool boiling experiment known it is possible to
investigate further deviations from this value. In this portion of the study, the contribution
to CHF increase of different nanofluid and chemical mixtures will be examined.
Previously it was shown that Nyacol Alumina provides some increase in CHF [16].
Furthermore, boric acid is also known to contribute to the increase in CHF levels [19].
However, to date, no one has looked at the combined effect.
In this series of tests, the wire will be prepared in the same manner as for the study on
angular effects. The solution will be prepared in the same manners as previously
discussed in this thesis. Each point of interest will have three different tests to confirm
repeatability. The points of interest will be 0.001, 0.01, and 0.1 vol% and then each of
these points with 400 ppm boron and 1.25 ppm lithium, and then with 1400 ppm boron
and 3.5 ppm lithium.
The results of this test are shown in the Table 7 and Figure 23 below. Indeed the Nyacol
alumina gave a very significant enhancement, as much as 74% and as little as 23 %
depending on the concentration. The downward trend in enhancement for an increase in
concentration is consistent with the findings of Sung Joong Kim [18]. Even more
interesting is observing the combined effect of both boric acid combined with the
nanofluids, nearly 91 % enhancement for the low nanofluid concentration tests.
Visually, at higher concentrations of boric acid there was some settling noted, however, it
was adequately mixed by the natural convection that occurred within the tank. This effect
warrants further study in reference to use in the reactor plant.
Table 7 Liquid Tests for CHF Summary
Liquid CHF Value (MW/mA2)
1400 ppm B + Alumina 1.97 1.82 1.74
400 ppm B + Alumina 1.94 1.79 1.41
Alumina 1.80 1.35 1.27
DI (no Alumina) 1.03 1.03 1.03
Alumina Concentration 0.001 0.01 0.1
0.001 0.01 0.1
Concentration of Nyacol Alumina
SDI Water Only I Nanlluid in DI O Added 400 ppm B, 1.25 U m 1400 ppm B, 3.5 U
Figure 23 Graph of Liquid Tests for CHF Results
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6.3 Plate Tests
After testing wire geometry, the next logical step is to test plate geometry. The plates are
a more realistic representation of actual engineering systems. Only the rod is of more
interest normally, however, for IVR, the large radius of the vessel can be approximated
by the plate.
The pool boiling apparatus is again employed for plate studies. However this time there
are some additions. Plates, having a much larger cross section than small wires yield a
higher current demand for a given voltage. Thus a power supply that is capable of
supporting this is needed. Furthermore, rather than log the data manually, a data
acquisition system (DAQ) proves more useful and provides better real-time data. Finally
the design of the plate itself took a significant amount of time and effort. For the
interested reader the iterative plate design process is discussed in detail in Appendix C.
Besides giving a method for plate experimentation, this portion of the thesis will also
discuss experimental results concerning nanoparticle coatings of alumina as well as
titanium oxide and how they act after being exposed to a gamma flux. This process is
known as radiation induced surface activation (RISA).
6.3.1 Description of Apparatus
The pool boiling apparatus was already described in Section 6.2.1. Highlighted here are
only the two changes made for the plate tests - the power supply and the DAQ. The
original power supply was too small to be of any use save for testing wires. A larger
power supply was then needed. But how large? This question is ultimately answered by
what heat flux is desired to be achievable in the given setting. In this case, for a plate
geometry, it was known from the outset that the plate would be insulated from the
backside to provide for a unidirectional heat flux. That is, a heat flux that only passes
through the surface of interest. Given that the correlations call for a CHF point of around
1 MW/m2, and the interest is in enhancing that, it must be a power supply that can handle
a much larger margin. The minimum acceptable possible heat flux was set at 3 MW/m2,
any larger enhancement was, at the time, not conceivable.
The next thing that must be known in order to correctly size the power supply is what the
test specimen will be. In the case of this experiment, the test section would be made of
stainless steel, on the order of 7 mm wide. Stainless steel has a resistivity of 7.4 X 10-8
ohm/mm 2 [16]. Without going too much into the test section design, which will be
discussed later, originally the test section was to be fabricated using approximately 1 mm
thick stock. Consider the following set of descriptive equations:
RxLR- = ' [6-7]
TxW
P=R x1 2
P
q"= L [6-8]
LxW
vPV=-
I
Where: Rs is the resistivity of the sample
Rm is the resistivity of the material (7.4 X 10.8 ohm/mm 2 for stainless steel)
L is sample length
T is sample thickness
W is sample width
I is current
q" heat flux
V is voltage draw
Now, substituting the first equation into the second, and then that subsequent equation
into the third and the fourth, two new equations are derived that govern the selection of a
power supply:
Rm xL
TxW
These two equations yield two interesting results. First, the achievable heat flux is
independent of length, but inversely proportional to width squared. Second, the voltage is
dependant on length, as would be expected. Power supplies are sold by the amount of
current and voltage they can supply. Current is the controlling variable. From all of this,
and for the chosen sample geometry, a power supply that is capable of supplying 500
amps would draw only 8 volts and provide a heat flux of 3.8 MW/m2. Considering that
this power supply will likely be used in the future for other experiments, a model 20-500
IEMD-3P208 manufactured by Lambda was chosen, it can supply 500 amps at 20 volts.
An Agilent model 34980A was chosen as a service DAQ for this and other experiments.
For this experiment the sample frequency is 10 samples/second. Output is into an excel
spreadsheet. Real time graphing aids in identifying CHF (marked by a rapidly increasing
voltage with no user input). Furthermore, on the output sheet, there is a time stamp for
each data point. This allows heat-up rates to be assessed. Overall the DAQ system is
invaluable in capturing the minute and fast details of boiling phenomena and should be
incorporated in any experiment.
6.3.2 Plate Design
After several iterations of plate designs, a final production method was chosen. For the
iterative process, see Appendix C. The final design was constructed of 1.15 mm thick
stainless steel. The test section dimensions were 57.6 mm long and 5.6 mm wide, with 25
mm diameter circular regions on each end with joining concave fillets. The surface is
sandblasted and the design is cut out using an OMAK water-jet cutter for repeatability.
The samples are then pressed into a bed of high temperature silicon RTV sealant as
insulation on the back side. The samples are then held in place by copper blocks screwed
to the electrodes. Figure 24 shows a photograph of the plate design.
Figure 24 Photograph of Plate Heater
6.3.3 RISA Experiment
The idea is to study various effects that can have an impact on the CHF value. What will
be measured is first the increase due to nanoparticle deposition, alumina and titanium
oxide (TiO 2) onto the plate, and then the RISA effect.
Prior to discussion of the actual experiment however, a little discussion of the RISA
effect will be useful. RISA was first noted to have an effect on water over thirty-five
years ago by use of ultraviolet lights by Fujishima [21 ]. The effects of RISA on the
contact angle as well as CHF have been a recent topic of interest in Japan. Takamsa et al
[22] have been leaders in the testing of RISA in terms of thermal-hydraulic studies.
Almost all RISA studies to date have focused on TiO 2. The main reason is that TiO2 is a
semiconductor that responds well to both UV light and gamma irradiation. TiO2 comes in
two primary crystalline forms, rutile and anatase. Each of these is a representative N-type
semiconductor with band gaps of < 420 nm (3 EV) and < 390 nm (3.2 EV) respectively
[22]. When a UV photon or a gamma photon interacts with the electrons of the TiO2, the
excited electron moves to the conductive band creating a vacancy, or hole. The holes
migrate to the surface of the material, creating a strong demand for electrons at that point.
With the holes on the surface, in contact with the water, an anodic reaction takes place.
Interestingly, the TiO2 is reduced and becomes oxygen demanding, then bonding with the
oxygen in water. This creates a hydroxyl (OH) ion at the liquid-solid interaction point.
What all this amounts to is that the water becomes chemically adsorbed to the TiO2. So,
essentially, RISA is a process by which photon energy is transferred into supplying a
chemical adsorption process [23]. Once the electromagnetic radiation source is removed,
the process reverses and the effect decays away with time as the electron-hole pairs
realign themselves.
A previous study through Monte Carlo simulation has suggested that the TiO2 coating is
too thin to have much interaction with the electromagnetic radiation [22]. What was
noted instead was that the radiation interacted with the substrate material, which is the
backing of the TiO2. In this case the reaction becomes diodic in nature and shows that the
RISA system is more than just a surface effect.
The effect of interest that stems from RISA is the increase in hydrophilicity of the
surface, allowing for better wetting. It has been noted that for extended irradiations, i.e.,
in excess of 300 kGy, the contact angle is reduced to nearly zero degrees creating super-
hydrophilic surfaces [21]. Irradiations at lower dose resulted in a smaller change in the
contact angle. Such a decrease is well known to have a measurable effect on the point of
CHF. Clearly, RISA is of interest to this study as the nuclear reactor environment
provides a constant source of radiation.
Previous studies have focused on precoated samples. The method of choice has been
either dip coating or sputtering deposition of titanium. The coating is then blasted with a
plasma torch to create the required TiO 2 [21]. Rather than using conventional thin film
approach, plates will be boiled in nanofluids at a low heat flux allowing the nanoparticles
to deposit through boiling onto the surface. The nanoparticle in the fluid is already in the
oxide form and so no plasma torching is needed.
In order to coat the plates, they are placed into a dilute nanofluid at 0.1 v%. For the
purpose of congruency with the rest of this thesis, alumina by Nyacol will be used in
addition to TiO 2 manufactured by Nanophase. The TiO 2 nanofluid comes at 40 wt%. The
nanofluids are diluted in the usual manner described elsewhere in this thesis.
Unfortunately, the Nanophase TiO 2 nanofluid is of limited stability after dilution and
after being subjected to high temperature. However, the solution was stable long enough
to perform the doping procedure. Once the samples are inserted into the nanofluid, a
constant heat flux of 0.25 MW/m2 is applied for one hour, raising the bulk temperature
from 80 'C to 100 oC. In the case of TiO 2 nanofluid, it is important that bulk boiling is
not achieved as this greatly decreases the settling time for this particular solution.
The baseline value of 0.836 MW/m 2 is used for comparison. It was the average value of
the three CHF results obtained with clean, sandblasted plates in DI water.
For the RISA effect portion, plates where irradiated for 19.5 hours in the same cobalt-60
source used for nanofluid irradiation stability tests, described in Section 4.1. The
accumulated dose was 26.5 kGy, similar to the low dose used by Takamasa et al. [22].
Upon removal from the irradiator, contact angle is immediately measured. The samples
are then subjected to pool boiling in DI water. The first irradiated sample undergoes CHF
approximately 3 hours after removal from the irradiator, the second and third samples
approximately 1.5 and 3 hours after that. As a control sample, and to ensure that RISA
was indeed the result of nanoparticle coating, sandblasted stainless steel plates were also
irradiated and tested under the same conditions. The average value for the irradiated
plates with no nanoparticle coating was similar to the uniradiated sandblasted plates,
0.840 MW/m2 vs. 0.836 MW/m2 . It is clear that no noticeable RISA effect exists in the
uncoated samples. For this reason only the baseline non-irradiated plates will be used for
comparison purposes.
Finally, upon completion of the tests, scanning electron microscope (SEM) inspection
was performed on a fresh stainless steel sample, a sandblasted sample, a titania sample
and an alumina sample.
The results for this experiment were quite promising. An increase in CHF was noted for
each case. Figure 25 and Table 8 demonstrate marked improvements in boiling limits.
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Figure 25 Graphical Comparison of Plate CHF Values
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Table 8 Summary of Plate CHF Values (W/m2)
Sandblasted
sted Titania Alumina and In
Coated Coated Irradiated
1764 1537069 1615331 857143
2593 1618658 1259763 873816
9613 1521164 1499433 789474
5657 1567513 1458176 840144
radiated
Titania
2310406
1929012
1670043
2054569
Irradiated
Alumina
1908482
1919564
2022550
1950199
The results of the contact angle measurements are shown in Figure 26. It is clear that the
RISA performed as expected, the contact angle change, being only ten degrees for TiO 2
and 12 degrees for the alumina, was little, but similar to Takamasa for the same dose
[21].
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Figure 26 Contact Angle of Plate Samples
Table 9 shows a comparison of the data from the tests and calculated values from
Kandlikar's correlation, this is the data used for Tables 11 and 12.
Table 9 Summary of Contact Angle Effects on Plate CHF
Surface
Sand Blasted (SB)
Titania + SB
Alumina + SB
Irradiated Titania + SB
Irradiated Alumina + SB
Contact Calculated Measured
Angle CHF CHF
0.98
1.07
1.01
1.21
1.18
0.84
1.57
1.46
2.05
1.95
Table 10 shows the percentage increase due to nanoparticle surface deposition and
gamma irradiation.
Table 10 CHF Enhancement Due to Surface Deposition and Gamma Irradiation
Percentage Enhancement Over Sandblasted
Plates
Sandblasted +
Sandblasted + Nanoparticle +
Nanoparticle Nanoparticle Irradiation
Alumina
Titanial
74.49
87.58
133.37
145.86
The following chart, Table 11, shows the percentage of the measured value to the
calculated value for CHF. Again it is noted that as the surface gets more complex, the
measured value deviates further from the calculated value.
/ Sandblasled Only / Titanium Coated Surface
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Table 11 Percentage Deviation of Measured over Calculated CHF Values
Measured
Surface
Sand Blasted
Titanium
Aluminum
Irradiated
Titanium
Irradiated
Aluminum
CHF
0.98
1.07
1.01
1.21
1.18
Sand Irradiated Irradiated
Blasted Titanium Aluminum Titanium Aluminum
0.84 1.57 1.46 2.05 1.95
-14.87%
46.71%
44.26%
70.39%
65.37%
Two boiling curves of acceptable quality were also recorded. This is a very difficult task
with direct heating. Essentially the directly heated plate becomes a self heated two-wire
resistance temperature device (RTD). This method of temperature measurement is
performed by using a reference temperature and the corresponding resistance. Based on
the change of resistance the temperature of the surface is then calculated using the
equation:
r(T) = r(To)* [l + a(T- To) ]  [6-10]
Where: r is the resistance of the metal heater
To is the reference temperature
T is the temperature
a is the temperature coefficient of resistance, 0.000774 Q/(-'-C) for stainless
steel. [16]
The supplemental graph (Fig. 27) shows heat flux and temperature above saturation
temperature versus time. The stepped increase is clear, as is the CHF, which occurs at the
point where temperature rapidly spikes. For both plates, sustained film boiling was
achieved. This caused the temperature spike to be much higher than may be realistic as
the change in resistance is no longer linear to the baseline expected change of resistance
per unit change in temperature. Furthermore, it should be noted that the non-irradiated
titania plate (Ti2) is the highest CHF value plate, and for the irradiated titania plate
(ITi3), it was the lowest CHF value seen for each respective series. Unfortunately, this
places the two curves almost on top of one another. However, in the minute details of the
data, the irradiated plate is to the right of the non-irradiated plate. Furthermore, the CHF
point, as well as the transition boiling values, are above that of the non-irradiated plate.
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Figure 27 Boiling Curves for Titania and Alumina
The SEM pictures also prove to be quite revealing.
gure 28 SEM of Plain (Ieft) and Sandblasted (right.) Steel Plates
Figure 29 Titania Deposition on Sandblasted Surtace
urface
Vligure 31 Alumina 6urtace ireature, vlewea at 4U Iegree rllt
In the SEM photos, the difference in the surface is evident. The low surface roughness in
the plain plate, which can be correlated to a lower number of nucleation sites (Figure 28
left), partially explains why there was such a low CHF value. In the sandblasted plate
(Figure 28 right), there are many more potential nucleation sites. Finally, in the
nanoparticle coated surfaces (Figures 29 through 31), there exists a more complex surface
structure. It is clear that here in this structure lies the mechanism for the difference in
CHF values that are obtained using nanofluids. This surface structure is responsible for
the unirradiated increase in wettability, decreased contact angle and increase in
nucleation sites.
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6.4 Boiling Studies Summary
It is clear that the conventional correlations fail to capture all of the different parameters
required to predict CHF. This has been one of the most difficult and most sought after
goals of heat transfer and fluid dynamics. This thesis is by no means going to attempt to
give a new CHF correlation, or even start down a first principles path. What will be
attempted though is to summarize the author's observations over hundreds of hours
watching bubbles form on heated surfaces.
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Figure 32 Ranked Summary of CHF Tests
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Figure 32 shows all the values of CHF reported in this paper. They have been ranked on
increasing order, the lowest number being the lowest CHF. Graphically this is very
evident. In the accompanying table, the color of each point is shown as a way to describe
the situation of the test. The color key explains the meaning. Some interesting, but
obvious, observations arise from this.
Clearly the most important impacts on the CHF value were related to surface preparation.
In the more complex surfaces, those with nanoparticle deposition, CHF values were much
higher. Furthermore, in the plate development process, it was clear that as the surface
went from smooth to sanded to sandblasted the CHF values rose. This is most easily
attributed to an increase in the surface roughness and hence nucleation site density. What
also forms, and is evident in the SEM photos, is a complex micro-sized network of canals
and tunnels along the surface. This may cause more complex nucleation sites than just the
traditional cavity. Some of these micro-cavities may have canals supplying them from the
back, so that rewetting water is not fighting the departing bubble to rewet the cavity. At
some heat flux however, the tunnels and canals would dry out, or become nucleation sites
themselves.
The thermal physical properties of the working fluid may also be of great importance.
The tests performed here used water as a base fluid. In many of the tests however, there
was something in the water, be it a nanofluid or boric acid. In this sense, there is likely a
lot to do with the contact angle but also the changes in fluid properties.
Finally, there is the most interesting, and perhaps least investigated effect, RISA. This is
an area that has few published papers, and until recently has garnered little interest in the
nuclear research community. While it is a method for effecting CHF, it is not relevant to
all thermal management systems. Reactor systems clearly can benefit from this
phenomenon, as can any others that take place in a gamma flux or UV light, but still this
is only a limited number of heat transfer systems. Without knowing more about the actual
mechanisms that cause CHF, it is difficult to speculate why this effect is so dramatic.
However, one reason might be that it increases the rewetting speed of the surface. Not
only does it have contact angle effects, changing the wettability, but the added force from
the adsorption process may indeed speed up the reflood of the surface following bubble
departure.
6.4.1 Overall Effect on the Reactor System
It has been shown in this thesis that when combining the effects of the reactor
environment with the use of nanofluids in the working fluid that a significant increase in
CHF can occur. Reactor coolant chemistry, nanoparticle deposition and RISA have the
potential to have a serious positive impact on the ability to safely recover the plant
following an accident scenario. It is of great importance to the nuclear industry to
continue to study this area to the point of understanding that will allow utilization of
engineered systems which take advantage of these phenomena unique to light water
reactor systems.
7. Conclusion
This study is focused on what is required to qualify nanofluids for use in IVR and ECCS
scenarios in the post accident cooling of nuclear reactors. While nanofluids have
consistently demonstrated higher CHF than pure water, it is important to consider that
each aspect is required to be addressed when studying the viability of nanofluids. The
effects that have been investigated nearly all show great promise.
Nanofluids are not without their problems though. In this series of tests, most of the time
they performed wonderfully, however, in consideration of TSP, they are less successful.
However, it may still be possible to use nanofluid for IVR if TSP can be introduced after
the nanoparticle deposition is formed on the RPV. Another, obvious but significant,
question surrounding nanofluids are the health effects associated with them. This is not
likely going to be a deterrent in their use, considering that human contact with them will
be minimal and that there are allot of hazardous chemicals handled safely at nuclear
installations already. Health concerns, however, do represent a question for their
implementation.
7.1 Summary of Findings
Each of the sections dedicated to the experimental nature of this thesis provided findings
that support the use of nanofluid for nuclear reactor accident cooling. Most of the effort
focused on alumina nanofluid by Nyacol, and the point is not to endorse this over another
nanofluid, however, it stands as a serious contender. More likely, there are several
nanofluids that will work, this one just proved to be amenable on many levels. The tests
that were performed on alumina should be considered when evaluating other nanofluids
for the nuclear reactor.
There was little evidence that radiation had an effect on nanofluid stability. Furthermore,
since the stability was maintained, and considering the effects of nanoparticle deposition
combined with RISA, it is likely that the radiation field will have a positive impact.
Considering this in the case of ECCS, when boric acid is present, the benefits may
actually compound. The only resulting failure that stems from the whole series of tests is
that of the chemical IVR simulation. TSP is not a "nanofluid friendly" compound.
Furthermore, it is highly unlikely that even with all the benefits of nanofluids that the
requirements of TSP in IVR would be removed. Where does this leave nanofluids in
reference to IVR? They should not be abandoned. Instead it is suggested that the system
be designed so that the TSP could be injected later, after the nanofluids have had an
opportunity to coat the surface.
Finally, and as a siding to the study of nanofluid applicability, there was significant work
done on CHF. While this thesis falls short of actually providing a quantitative description
of the actually physical mechanism, hopefully the effort will help to shed some light on
other experimenter's work in that area. Three items were demonstrated to have profound
effects. Surface structure, in the forms of both initial surface morphology and
nanoparticle deposition; fluid composition, by way of boric acid, and RISA are all
important aspects that should be considered in CHF studies. All of these factors were
known prior to this study, and no originality can be claimed in their discovery. The main
contribution of this study comes in considering their combined effects in reference to the
reactor environment. Furthermore, this is the first time that nanofluids, particularly
alumina, have been tested with the RISA effect.
7.2 The Way Forward
This thesis is a preliminary study on the feasibility of nanofluid application to LWRs
during loss of coolant accidents. As shown in the experimental results presented here,
substantial CHF enhancement can be obtained if coolant chemistry and RISA are taken in
account and if nanofluid is used. There is considerably more research to be done in this
area. The following is a short list of topics that should be explored further:
* Conduct more radiation resistance and CHF studies for other types of nanofluids
* Find a nanofluid that is compatible with TSP, or perform engineering design
study to implement nanofluid injection system prior to the addition of TSP.
* Identify the mechanisms of RISA in the context of nuclear systems.
* Evaluate nanofluid impact on quenching or post-CHF heat transfer.
* Perform prototypic tests involving a better simulation of the reactor thermal,
radiation, and chemical conditions, concurrently with fuel clad material for ECCS
or RPV material for IVR applications.
* Test nanofluids in an in-pile loop.
Many of the above topics are already being investigated in thermal hydraulic labs around
the world. The hope is that soon the age old quest for a first principle explanation of CHF
be around the comer. This understanding will find applications not only in reactors, but in
nearly any liquid cooling system.
As a last word, it should be said that the field of nano-scale materials holds a lot of
promise for the scientific and engineering community. With proper development, it will
have an impact on many aspects of normal society. What is meant by this is that this
study has been conducted often in a very narrow and focused paradigm, however, when
the edge of understanding is far enough from where it is now, nanofluids, nanoparticles,
nanostructures and nanosystems will have permeated commercial institutions to the point
of normalcy. The contributions of this thesis are only one tiny part in moving that edge of
understanding.
A. Nomenclature
Nomenclature Meaning First Appearance
CHF Critical Heat Flux 1.
LERF Large Early Release Frequency 1.1
CDF Core Damage Frequency 1.1
ECCS Emergency Core Cooling System 1.1
LOCA Loss of Coolant Accident 1.1
RPV Reactor Pressure Vessel 1.1
IVR In Vessel Retention 1.1
LiOH Lithium Hydroxide 1.2
TSP Tri-Sodium Phosphate 1.2
Pg power due to gammas 2.3.1
Po operating power of the reactor 2.3.1
t time after shutdown 2.3.1
Dr Dose of the operating reactor 2.3.1
Dsd Gamma Dose of the shutdown reactor 2.3.1
MCNP Monte Carlo Neutron Photon 2.3.1
DLS Dynamic Light Scattering 3.1
ICP Inductively Coupled Plasma 3.1
EXPSAM Exponential Sampling 3.1
DI Deionized water 3.1
a amount of original nanofluid to be added 3.2
d amount of water to be added 3.2
x weight percent of the concentrated nanofluid 3.2
y target volume %; 3.2
Ps solution density 3.2
pp density of the nanoparticles in g/mL; and 3.2
pw density of the water in g/mL 3.2
Mp mass of the nanoparticles; and 3.2
Ms total mass of the solution 3.2
vp volume of the nanoparticles; and 3.2
Vs total volume of the solution. 3.2
Df final dose 4.1
Do initial dose 4.1
k decay constant 4.1
XRD X-Ray Diffraction 5.1.2
q" heat flux 6.1
h heat transfer coefficient 6.1
Ts surface temperature 6.1
Tbulk bulk temperature of the coolant 6.1
Tsat saturation temperature of the working fluid 6.1
q"CHF CHF point 6.1
C constant (defined locally) 6.1
hfg latent heat of vaporization 6.1
,g density of the gas 6.1
Pt density of the liquid 6.1
r the surface tension. 6.1
Fg force due to gravity 6.1
Db diameter of the bubble 6.1
Fm force due to recoil effects 6.1
A area of the bubble 6.1
Fs,2 surface tension on the top of the bubble 6.1
Fs,j surface tension on the heated plate 6.1
Hb height of the bubble 6.1
8 contact angle. 6.1
iLG latent heat of vaporization 6.1
0 angle of inclination of the heater. 6.1
P power 6.2.1
E voltage 6.2.1
R resistance 6.2.1
DAQ Data Acquisition System 6.3
RISA Radiation Induced Surface Activation 6.3
Rs resistivity of the sample 6.3.1
Rm resistivity of the material 6.3.1
L sample length 6.3.1
T sample thickness 6.3.1
W sample width 6.3.1
I current 6.3.1
V voltage draw 6.3.1
SEM Scanning Electron Microscope 6.3.3
RTD Resistance Temperature Device 6.3.3
r resistance of the wire 6.3.3
To reference temperature 6.3.3
T temperature 6.3.3
a temperature coefficient of resistance 6.3.3
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C. Plate Design and Testing
In the beginning of the plate experiments, the chosen power supply had not yet arrived
from the vendor, and in place of it, an older surplus power supply was used. This first
plate design was simplistic in nature. Flat plates of .25 mm thick stainless steel shim
stock were fabricated into 10 mm by 150 mm sections then bonded using JB Weld to
Garolite G9 insulation, as shown in Figure 33. The surface was then sanded in the same
manner as the wires. CHF values were far lower than expected. An average value of
0.505 MW/m 2 was achieved. Furthermore, it was noted in video that the point of DNB
was almost always the same location. This led to the idea that there was some other effect
taking control of what otherwise seemed like a well designed test.
Figure 33 Initial Iteration of Plate Design
Figure 34 CHF and Film Boiling Occurring Where Current Lines of Flux Converge
Considering the range of possible effects, one was concluded as the culprit. The effect of
converging lines of current seemed suspect (Figure 34) given that the plate was not
designed to take into account the divergence and subsequent convergence of the lines of
flux. The plate design was then modeled in MATLAB to show the lines of flux
graphically, the results are shown in Figure 35.
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Figure 35 MATLAB Graph Demonstrating Concentration of Current
Sure enough, at the exact point of DNB was the point in which the current was
converging, leading to an undetectable over power, and consequently high heat flux, at
that point.
The second iteration of this design was first modeled in MATLAB to verify that the
changes would indeed fix the problem. The problem was eliminated by providing circular
ends joined to the actual test section by cut fillets, as shown in Figure 36.
Figure 36 MATLAB Graph Showing Current Density in Round-End, Cut-fillet Test Section
However, this design (Figure 37) seemed difficult to manufacture with any precision. The
fabrication process was then to laminate a large piece of shim stock to the G9 again using
JB Weld. Once cured, the entire laminate was cut using an OMAK CNC water-jet cutter.
The high precision of this machine allowed for repeatable samples to be produced.
Unfortunately, there was a flaw, in that the water-jet would lance sideways into the
laminate and cause degradation of the G9 (Figure 38). This occurred in about half of the
manufactured samples.
Figure 37 Second Iteration of Plate Test Section
Figure 38 Lancing from Water-jet
When the surviving half was tested another problem manifested itself. The thermal
expansion of the heated steel was much greater than the expansion of the JB Weld bond
and the shear stress caused delamination and early CHF (initiating on the bottom).
Furthermore, some samples, which did not undergo delamination, still gave a low CHF
value of 0.543 MW/m2 .
This led to the question of the integrity of the experimental setup. As a check, wire runs
were performed again, using the same power supply from the wires. The CHF values
were in agreement with previous tests and the correlations. Since the surplus power
supply was so large, 600 amps and 40 volts, it was not possible to use it on the relatively
tiny diameter wires. Larger wire, 3.175 mm in diameter was used instead. These test,
strangely, came out at an average 1.052 MW/m2. This was verified on a second, lower
power, power supply. Why then would the large diameter wires work but the plates
would not? Clearly the thickness was an issue.
When the new power supply arrived the results for CHF where compared to the other
power supplies. Unfortunately, similar (although slightly better) results were
encountered. With varying results noted for each power supply, there may be a
connection to the difference in CHF.
Returning to the thickness issue, since heaters are by nature, thermally inertial, any
disruption in the power supply wave form might cause an issue with such a thin plate.
Wave form analysis was performed using an oscilloscope and it was discovered that both
the surplus power supply and the second power supply used to check it had very dirty
wave forms in the range were the CHF tests were being performed.
Figure 39 Wavetorms of Power Supply Uutputs
All power supplies where measured at -10 volts using a wire. Considering that P=V2/R
and the resistance is constant, then power will vary with the square of voltage, and so the
error in power should be proportional to twice the error in voltage.
The wire power supply (top left in Figure 29) had a 150 mV harmonic wave form, or 1.5
%, so the power error could be about 1.0152 = 1.03 or 3%. The surplus power supply (top
right in fig. 29) had a whopping 1.5 volts, or 15%, so the expected error could be about
1.152 = 1.32, or 32%.The new power supply (bottom in fig. 29) did well and was only
300 mV off, or 3%, so 1.032 = 1.061 or 6.1% off. What this leads to is that during a spike
the CHF value could be as much as the error higher than was thought. Since the spike
was only milliseconds in length it was unlikely that the DAQ system would record it,
however the inertial nature of the heater would sense it.
While the new power supply had a much better wave form, there was still not enough of
an evidence to explain the difference in expected values to the actual values for CHF. An
obvious solution was then to use the thicker diameter wire that yielded acceptable results.
However, this route was not chosen due to the difficulty in measuring contact angle and
microscopic surface effects on a round geometry, whereas on a plate this would be much
easier. Furthermore, there are many future experiments to be performed on plates, so it is
necessary to have a working plate geometry.
Statistical work compiled by Golobic shows that there is a variance in CHF value based
on plate thickness [20]. The following correlation was developed in that reference:
q"1q c r I
q, cr,asy
= 1 e(6(/C k)o. / 2.44) 0 8498-(8(pck)o5 / 2.44)0'0581
Figure 40 shows the correlation developed from compiled results in the form of the
fraction of actual CHF values to predicted CHF values as a function of plate thickness. It
turns out that the low values that were seen, once the current issues were overcome, were
close to what other previous experimenters had recorded. This supported the idea that
thicker plates were needed. However, the limits of the new power supply could be
approached for the current size of plate.
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Figure 40 Statistical Thickness Effect on Plate CHF Values
The next iteration of the plate heater was using a 1.15 mm thick plate construction backed
in high temperature silicon RTV sealant. This would allow the steel to thermally expand
but still provide the thermal-insulation capacity required. In tests of this idea, there was a
marked improvement in CHF values, but something was still missing. It turns out that
sanding alone was not sufficient treatment of the surface. Sanding creates tiny scratches,
and for boiling the interest is microscopic imperfections in the form of cavities. This is
the formation of nucleation sites, not scratches. As a surface treatment, sandblasting was
employed.
Tests proved promising and another design, the final design, was constructed. The final
design (Figure 41) was constructed using 1.15 mm thick stainless steel that was cut again
on the water-jet cutter. The dimensions of the test portion are 57.6 mm long and 5.6 mm
wide, captured on each end by circular regions 25 mm in diameter joined by filets.
Furthermore, rather than be screwed directly to the electrodes, these samples are held in
copper blocks and then joined to the electrodes. After the samples were cut, they were
sandblasted, cleaned and then pressed into a bed of high temperature silicon RTV sealant
and allowed to dry.
Figure 41 The Final Iteration of Plate Design
figure 42 CuIH ana film Boiling on 1late Test specimen
The final iteration gave a satisfying CHF value of, on average, 0.836 MW/m2 (Figure 42).
The following chart shows the progression of CHF values for different iterations.
!
Table 12 Summary of CHF Values During Plate Design Iteration Process
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